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ABSTRACT: The finite element code ABAQUS is used to model a typical granite spesumbgected to either uniaxial or biaxia
compression, ith two prefabricated flaws with the geometry-38-30 in which only one flaw is pressurizeihe maximum and
minimum principal stresses as well as the maximum shear stresses are analyzed around the flaw tips and along the énd;
the inner flaw tips of the pssurized and nepressurized flaws. When the specimen is loaded uniaxially, the maximum prin
stresses in the bridge between inner flaw tips are tensile near the pressurized flaw and decrease significantly as@mardw
the nonpressurized flawFor the biaxial loading, mainly compressive principal stresses are observed for low hydraulic pre
tensile stresses start to develop for larger hydraulic pressures, but only near the pressurized flaw. For both uniaxial ek,

tensile ad shear cracks may occur near the pressurized flaw but are not theoretically possible negprtsesndred flaw

entire fracturing procesdn fact, Gongalves da Silva
1. INTRODUCTION (2016) used granite specimensubjected to different
Hydraulic fracturing is becoming a common process usedertical loads while increasing the hydraulic pressure
in the exploitation of oil and gas entrapped within shaleinside two flaws andAlDajani (2017) teged prismatic
formations as well as in the mining of heat in Enhancedshale specimens with pfabricatedflaw(s) and observed
Geothermal Systems and in Artificial Groundwater the interactiorbetweeninduced hydraulic fractusavith
Recharge. While there aie number ofstudies on the apressurized andnonpressurized flag

initiation and propagation of hydraulic fractures underDeSIoite these experimental efforts, many researchers

uniaxial loading, limited experimental and nurcafi have been conductingumerical simulations tdoetter
studies focus on the effect of biaxial loads on the stress g

field around pressurized and npressurized fractures. predict the fr_acturing behg\_/ior plue to bqth mechan_ical
As extensively discussed by previous studies, one of thngce%eu?;nsetrg%lcgomglix't'ensla'sns\éoslvedus'ﬂaﬁhe tﬁzsgg
major concerns involved with the hydraulic fracturing P! S = y ha
applicationsis the path awhich new crackpropagate discontinuities in the form of cracks, fractures and joints
B%%et (1997)sed rﬁolde@ypsum specimens Wﬁhgeithér it is important to incorporate these discontinuities in the
open or closed prabricatedflaws under uniaxial and humerical analyses. With the_ recent _computaﬂonal
biaxial loading conditions tobservethe crack initiation, advances, a number_ (.)f r_lumerlcal studles_ have_ be_en
propagation and ultimate coalescence of the specimen pnducted on crack initiation and propagation criteria

Bobet(1997) describedseveralsignificant observations, d?sss(iedaggnsgriandd tsht;a,lin sflilffhaesc\;vzfcllksa?nt?gjlecgeﬁ into
the most important of which are showrtable 1, as they the fock matrix Currentllj a number of numerical
are relevant to the presesttdy. ' Y:

techniques are typically used to evaluate the crack
Most authors, such dsajtai (1971) Wong (2008)and initiation and propagation, such as the Finite Element
Yang et al. 008) have tested Plastef-Paris, Carrara Method (Rice, 1968 Carpinteri, 1991) Boundary
marble and molded gypsum under uniaxial, biaxial andElement Method Chan,1986/asarhelyi& Bobet,2000
triaxial conditiors. Other researchers have experimdptal and Displacement Discontinuity MethodGordeliy &
propagatediracturesusing ahydraulic pressure inside Detournay, 2011Liu, 2016)

pre-fabricated flavs, while simultaneously visualizing the



Table 1.0Observations of study conducted Bgbet (1997pn precrackedgypsum specimens under uniaxial and
biaxial loading conditions

Observation Uniaxial Loading Biaxial Loading
Wing Cracks 9 Initiate from the flaw tips. 1 Small wing cracks which initiate from
i1 Large wing cracks. the middle of the flaw foor<s 5. 0
1 No wing cracks foo, >5.0 MPa.
Secondary Cracks | § Initiate at the same stresswisig 1 Initiate before theving cracks.
cracks.
Coalescence 1 Coalescence stress increases with the flaw angle, ligament length and confining
1 Closed flaws have higher coalescence stresses than open flaws.
Failure 1 Coincides withcoalescence 9 After coalescence
Additionally, other methods are being used to simulate T Young’' s -t®9®2d&Rd u s
the fracturing of rock, such as the hybridized f Poi son-GB25Rati o

displacement discontinuity and indirect boundary element

method (Chan et al., 1990)Discrete Element Method _ _ _
(Potyondy & Cundall, 2004)and the Extended Finite T_he aperture of the fl_aws is taken as 0.7mm with semi
Element MethodYu, 2011) It should be noted that each Circular tips, as obtained for the watewet flaws in
technique has its own merits amceaknesseswhose  Prismatic granite specimens. The boundary conditions
descrption is not in the scope of this paper. While much L!SGd for the uniaxial and biaxial loadings are shown in
effort has been dedicated to experimentally andfigure 2.

numerically understand the initiation and propagation of N

cracks under different loading conditions, there has nofigure 2a shows the boundary conditions for the model

effect of uniaxial or biaxial loading and hydraulic in the bottom horizontal boundary were restrained to

investigates the variation of the stress field around twcglements in the vertical edges were kept teeenove in
prefabricated flaws when only one is hydraulically Poth directions. Figre2b shows the boundary conditions
uniaxial or biaxial loading conditionsThis loading  festrained to move irthe vertical direction andne
conditionwill be experimentally assessed by the authorg/ertical boundary was restrained to move in the horizontal
of this paper in researachurrentlybeing conducted. direction.

This paper first discusses the methodology used in thgnefinite element mesh used for the analyses is shown in
numerical analysesand the different loading cases figure 3. The mesh was made finer near the flaws
considered under uniaxial and biaxial loading conditionscompared to the boundaria)ce it is near the flaws and

Then, the findingsare discussednd subsequently a faw tips where the stress concentrasiomill occur.
conclusion is presentedit should be noted that,

throughout thispapet he term ‘fl aw’” is used to refer to a
pref abricated fracture while the term “crack’ i« usec
denote a newlormed fracture. l
2,.,/‘”‘

2. METHODOLOGY (‘/: B'(\Nonfpressurized

P ' S0 Flaw
The finite element code ABAQUS is used to model : mp T ¢ '
typical granite specimen with two pfabricated flaws o § § oh Py a
with the geometry 280-30 (L-B-a ) andeithemc | e "4
uniaxial (O'V¢ Oand Gh:O) orbi ax Iv;tEOI a(H#Cﬂ) ) ‘/ia:ﬁ k‘Pressurized Flaw
loading conditions as illustrated figure 1.The model t '
used in the ABAQUS is considered to be linearly elastic o
Therefore, all the results obtained are valid before anyig. 1. Studied doubleflaw geometry(L-Ba) and | oa

cracks initiate. The materiglroperties assigned in the conditions.
model are as follows, based on the Barre granite tested by
Miller (2008).
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Fig. 2.Boundary conditions considered for (a) uniaxial loading and (b) biaxial Igadithe model.

(a) (b)
Fig. 3.a) Finite element mesh used for the analyses (b) Defdihe mesh near the tips.
s T
T A
a1

»O.

FiguaMohr circle showing the maxi mamd)aamadn dminmai xn umu np.y Bhoedainp aslt r
elementgGoncalves da Silva &iBstein, 2014)



A quadrilateral linear plane stress element mesh is used tensile stresses to be positive and compressive stresses to
the analyses.These elements were used sindhe be negative.
displacements are more accurately interpolated idm

triangular elements. 2.2. Loading Cases and Paths Considered in the

Analysis
2.1. Analyzed Stresses

_ .. As explained previously, the analyses were conducted for
In order to analyze the stress field around the flaws, it ig)oth uniaxial and biaxial loading conditions. Ta®end

important to first understand the directions of maximum3 gescribe the different loading cases considered for the
pr|n0|_pal stresses a_nd maximum s_hear s_treéhma;al\es uniaxial and biaxial loadingsespectively
da Silva & Einstein (2014yraphically illustratd the

elementswith various orientations using the Mohr circle

- . . . Load | Vertical Hydraulic Pressure | HydraulicPressure
(flgl_”e 4). Element A is Orlem,ed along the vertical and Case | Load (VL) | (HP)in Pressurized| in Non-pressurized
horizontal axes and hence sgn:tpd to generic normal gnq (MPa) Flaw (MPa) Flaw (MPa)
shear stresses. Element B is only subjected to principat, 10 ) )
stresse¢ @ n d) hence no shear stresses are acting o 10 25 0
it. Element C is oriented in the direction of maximum/| 2 10 5 0
shear stress and, consequently, normal stresses age simil 3 10 10 0
in both directions. As earlier mentioned, the linear elastiq 4 10 20 0
model used in this study allows one to study the initiatio 5 10 40 0
of cracks but is not applicable to their propagation. o ) N
Therefore, in order to evaluate the stress fields obtainedaPle3. Biaxial loading conditionanalyzed
and relate them topossible crack initiation, it is | Load | Vertical Horizontal | Hydraulic | Hydraulic
considered that tensile cracks may initiate from the Case | Load (VL) | Load (HL) | Pressurén | Pressurein
locations where the maximurensile principal stresses (MPa) (MPa) Pressurized) Non-

. | he hiah d sh K Flaw pressurized
_(0_. in Element B)are t e highest and shear cracks may (MPa) Flaw (MPa)
initiate from the locations where the maximum shear g 10 10 0 0
stresse$ laxin Element ¢ arethe highest. 1 10 10 25 0

2 10 10 5 0
It is important to point out that the sign convention use i 18 18 ;g 8
in ABA n in th rren r considers
QUS and adopted in the current paper conside z o o 20 0
Non-pressurized Flaw
™~
Non-pressurized Flaw
2
3 1
4
5 11
6 10
7 9
Pressurized Flaw 8
\Pressurized Flaw
(a) (b)

Fig. 5. Paths along which stresses were analyzed (a) Circular path around the flaw tips (b) Along the bridge region between th

pressurized and ngoressured flaws.



3.1.1 UniaxialLoading Condition

Figure6 shows the maximum principal stress contours for
pressure in only one flaw, which was varied from@@a ~ Case 0 under uniaxial loading. High tensile stresses are
to 40 MPa table 2). Similarly, for the biaxial loading observed near the tips of both flaws &ddntified by

condition, both vertical and horizontal loads were appliediTcles (The tips of the right flaw is enlarged to show the
and a hydraulic pressure, which waso raised from exact locations of highedensile maximum principal

2.5MPa to 40MPa, was applied in one of the flagtable stresses). Hence, tensile cracks can initiate from these
3). The vertical and horizontal loads were consideredCc@tions. The highestompressivemaximum principal

similar (LOMPa). In order to systematically evaluate the Srésses are located ahead of both fipe
variation of the stress field, theseegions were Figure7 (a to e) shows theariation of themaximum

For the uniaxial loading conditions, a vertical load of
10 MPa is simultaneously applied with a hydraulic

investigated: principal stressesas the Hydraulic Pressure (HP) is
f Inalage region including both flaws; increased from 2.%/Pa to 40MPa in the pressurized
1 Around the flaw tips along a circular path with ~ flaw. Increasingly high tensile maximum principal
twice the radius of the sewircular flaw tip stresse are observed near both flaw tips only for load

Case 1ffgure 73. For load Cases 2 totBehighestensile
maximum principal stresses are observed only near the
tips of the pressurized flgwas intuitively expected
Hence, tensile cracks can be expédteinitiatefrom the

(figure 5a);
9 Along the bridge region connecting the inner tips
of the pressurized and the npressurized flaws

(Rgure 5b). tips of the pressurized flaw as HP is increased from
2.5MPa to 40MPa.As observed previously, the highest
3. RESULTS compressive maximum principal stresses are located
) . ahead of both flaw tips for Case lBowever as HP is
3.1. Stresset the Regiorof Flaws increased irthe pressurized flaw, it is observed thze

) ) o ) compressive stresses move towardddahg edge®f the
In this section of the paper, the variation of the maximumypressurized flaw. On the other hand, for the -non
principal) isdnalyeesl.skrst, th¢ aniaxial pressurized flaw, compressive maximum principal
loading cases shown table2 are discussed in Subsection stresses arstill observed ahead of the both tips asisiP
3.1.1 followed by the biaxial loaaly cases shown table i creased from 0 to 40Pa.
3in Subsection 3.1.2.

S, Max. In-Plane Principal
(fwg: 75%)

Fig. 6. Maximum principal stress contours for Case 0 under uniaxial loading with circles showing the locatidmngifebetensile
stress

Note: The sameolor scalewas used in figures 6 and 7 to facilitate the interpretation of the variations of the stresses.
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Fig. 7. Maximum principal stress contours under uniaxial loading with circles showing the location of the highest tensile stress
(a) Case 1 (b) Case 2 (c) Case 3 (d) Case 4 (e) Case 5.

Note: The sameolor scalewas used in figures 6 and 7 to facilitate the interpretation of the variations of the stresses.

3.1.2 BiaxialLoading Condition When HP increases from 2\Pa to 10MPa (igure 9 a
Fi 8sh h , incioal st ¢ f to c), it isnoted that the area around the pressurized flaw
Iguree Shows the maximum principal Sress contours fof;e completely in compression while the Roressurized

C_ase 0 ur_1der bla_X|aI Ioadlng._ There is gnéicant flaw is slightly in tension.However when HP idarger
Qn‘ference in magnitude of te.ns[le stres.ses compgred tf.;han 10MPa (figure 9 c to e)both tips of the pressurized
figure 6 for Case 0 under un|§X|aI Ioao!mg. Th_e circles flaw become highly tensile whereas the spwassurized
Sh.OW. ﬂ?e tlocatlcl?[n_ of tt_he E|Ightﬁ$$r1]15||: mfﬂm”m d flaw tips are always in compressioBased on the
principal stress. It 1S noticeable tha gnitude an analysis tensile cracksnay initiate from the tips of the

area }Jnder tenS|c.)are.S|gnf|cantIy smaller than‘ upder pressurized flawbut only when HP is larger than 10 MPa.
uniaxialcompressionFigure9 (a to e) shovthevariation

of themaximum principal stresasHP is increased from
2.5MPa to 40MPa in the pressurized flaw.
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Fig. 8. Maximum principal stress contours for Case 0 under bla)ealllng with circles showing the location of the highest tensile
stress

Note: The sameolor scalewas used in figures 8 and 9 to facilitate the interpretation of the variations of the stresses.
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Fig. 9. Maximum principal stress contours und®axial loading with circles showing the location of the highest tensile stress

(a) Case 1 (b) Case 2 (c) Case 3 (d) Case 4 (e) Case 5.
Note: The sameolor scalewas used in figure8 and9 to facilitate the interpretation of the variations of the stresses.

(e)



3.2. Stressearoundthe Flaw Tips principal stress changes with increasing HP/VLthe
pressurized flawln the pressurized flaw, the highest
In this section of the paper, the variation of the maximumtensile maximum  principal stresfor HP/VL>1.0 is
principal stnrde smsaexd muonmd h enfially lecatedaneastiee gper fage of the flaw (Point 1).
are analyzed around the tips of the flaws following theThe maximum principal stresg Point 1 decreases with
paths shown irfigure 5. The wiaxial loading cases increasing HP/VL andvhen HP/VL>1.0, the highest
shown intable2 are discussed in Subsection 3.2.1thed  tensile stress moveswards the center of the flaw tip
biaxial loading cases shown table 3 are discussed in (Points 4 to 7) which suggests that tensile cracks can
Subsection 3.2.2The |0adingcases defined previous|y initiate at this locationrwhen HP/VL>1.0. The maximum
are treated in ib subsection as ratios between the Principal stresses becomeorecompressive towards the
hydrau”c pressuresapp"ed inside the flaw and the lower face of the!ip (Points 9to 11) with the increase in

vertical load, or HP/VL. HP/VL. The nomrpressurized flaw shown ifigure 11
L. , . shows that the highest compressive stress occurs ahead of
3.2.1 UniaxialLoading Condition the tip (Point 5) and the highest tensile stress in the lower

Figures 10 and 11 show the variation of the maximum face of the flaw (Points 10/11). It cals@abe noticed that
principal stresses around the inner tips of the pressurizedl® maximum principal stresses are almost zero in the

and norpressurized flaws, respectivelhe dashed lines Upper face of the flaw artdiat the compression observed
with arrows point the direction in which the maximum from Points 4 to 6 tends to decrease as HP/VL increases.

100
—HPNL=0
HP/VL = 0.25
80 T HPNL = 0.5
= i X HPNL = 1.0
2 60 1 Tension HP/VL = 2.0
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Fig. 10. Variation of themaximum principal stresses around the pressurized flafortihe uniaxial loading condition
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Fig. 11. Variation of the maximum principal stresses arounchthrepressurized flaw tifor the uniaxial loading condition




Themaximum principal stresses are mainly tensile in theat this flaw tip under this loading conditions as HP is
lower face of the nopressurized flaw which suggests increasd.

that tensile cracks may initiate from Points 8 to 11.
However, the tension in the ngmessurized flaw is
smallerin magnitudehan in the pressized flaw for most  Figures # and B show the variation of the maximum
HP/VL, which suggests that a tensile crack will alwaysprincipal stresses under biaxial loading around the inner
initiate from the pressurized flaw, as intuitively expected.tips of the pressurized and npressurized flaws,
respectively. From figure 14, one observes thathe
é'naximumprincipal stresses are initially in compression
around the flaw tip until HRIL=1.0. This is very

the pressurized flaw, it is difficult to interpret the variation d|ffe_rent from the uniaxial case, in which S|gn|f_|cant
of the maximum shear stress when HP/VL incre&sen j[ensne stresses occur for HPM.LO' Whgn .HPNL'S
0 to 1.0. Once HP/VL is increased from 1.0 to 4.0 it islncreasgd fronz.(_) to 4.0, the_maX|mum pr|r_1C|patress_es
observed that the maximum shear stress@sease o ° _malnly tensile ffo”.‘ Points 4 to 8.W'th the hagt_1
significantly figure 12) with the highest maximum shear tensile stress near Points 6 tes@#ggesting that tensile

streses locatedit Point 3 in the upper face of the tip and ;:Iracl:; m't%ht occurin th's. regloln. tln the nqmes.Turlzt—id
at Points 7 and 8 in the lower face of the tipthe non awtip, the maximum principal stresses are aimost zero

pressurized flaw figure 13), it is clear that with the in the upper and |oer faces of the tifigure15). Overall,

increase of HP/VL from 0 to 4.0, the maximum shearzlhe nonpresgl;rlkz/(iq _flaw IS cLimger corphpresslmvhlf[:hth i
stresseslecreasexcept fora minor increase at Point 1 ecreasgas ISincreased. Hence, is Suggests tha

This suggests that shear cracks catieoreticallyoccur tensile cracks mayot initiate at the tip of the nen

3.2.2Biaxial Loading Condition

Figures 12 and 1B show the variation of the maximum
shear stresses under the uniaxial loading in th
pressurized and nepressurized flawsrespectively In

pressurizedlaw.
50
—HPNL=0
45 + HP/VL = 0.25
a0l ’ HPVL = 0.5
= : HPNL = 1.0
w35 + : —HPNL=20
‘ HPVL = 4.0

11 10

\Pressurized Flaw

Fig. 12. Variation of the maximurshearstresses around the pressurized flawdithe uniaxial loading condition

Point ID

25
—HPNL=0
HP/VL = 0.25
20 + ~\ HP/VL = 0.5 | Non-pressurized Flaw
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Fig. 13. Variation of the maximunshearstresses around timen-pressurized flaw tifior the uniaxial loading condition
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Fig. 15. Variation of the maximunprincipal stresses around tmen-pressurized flaw tifior the biaxial loading condition

Figures B and I7 show the variation of the maximum 3.3. Stresses theBridgebetween Inner Flaw Tips
shear stresses under the biaxial loading in the pressurized

and nonrpressurized flaws respectively In the In this section ofthe paper, the variation of maximum
pressurized flaw, the maximum shear stresses decreager i nci pal) stnrde sraexs muanmg he ar
with the increase of HP/VL from 0 to 1.0. When HP/VL are analyzed along the path shownfigure %. The

is increasd from 2.0 to 4.0, the maximum shear stressesuniaxial loading cases shown tiable 2 are discussed in
increase significantly figure 16) with the highest Subsection 3.3.1 and the biaxial loading cases sliown
maximum shear stresgcurringnear Point 4 in the upper table3 are discussed in Subsection 3.3.2.

face of the tip and Pointi the lower face of the tip. 3.3.1Uniaxial Loading Condition

As previously observed for the uniaxial loading condition
andnonpressurized flavit is clear that, with the increase
of HP/VL from 0O to 4.0,the maximum shear stresses
decrease overall (except minor increase &oint 11).
This suggests that shear cracks catimedreticallyoccur

in this flaw tip under this loading conditions as HP is
increased.

Figure B shows that the maximum principal stresses are
mainly tensile under uniaxial loading in the bridge region.
It is also clear that the maximymnincipal stresses tend to
increase with increasing HP/VL rasioas intuitively
expected.
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25

N
o
I
T

—HP/VL and HP/HL = 0
HP/VL and HP/HL=0.2
HP/VL and HP/HL=0.5

5

Non-pressurized Flaw

a@ HPV/L and HP/HL = 1.p
= —HP/VL and HP/HL = 2.0 3 2 1
@ HP/VL and HP/HL= 4.
[}
= 15 4
)
@ 5
11

E 10 -
£
% 6 10
=

5 - 7 9

0 t t t t t t t t t
1 2 3 4 5 6 7 8 9 10 11
Point ID

Fig. 17. Variation of the maximurnshearstresses around tmenpressurized flaw tifior the biaxial loading conditian

In figure 19, it is observed that the maximum shear compressiveand the maximum shear stresgadii of the

stresses decrease from HP/VL=0 to 1.0 near theéMohr circles)decrease as HP/VL is increased. When

pressurized flaw tip (Point 1) and increasefor HP/VL>1, both principal stresses are tensile, which can

HP/VL>1.0. Hencewhile it is unlikely that shear cracks facilitate the initiation of tensile cracks, and the maximum

canoccur when HP/VEK1.0 near the tip of the pressurized shear stresses increaaéstantially as HP/VL increases

flaw, they may initiate when HP/VL>1.@n the other which mayalsocausethe initiation of sheacracks.For

hand, near the negpressurized flaw tip (Point 10), the Point 5, it is observed that the minimum principal stress

maximumshear stress decwss as HP/Vlis increased, is always negative, while the maximum principal stress is

which indicates that no shear crack may theoreticallyalways tensile but only increases slightly as HP/VL is

initiate at this location as HP/VL is increased. increased. These observations suggest that tensile cracks
may not occur in the lafge between flaw tips. Similarly,

In order to better interpret the results, Mohr stress circleshear cracks are unlikely to occsince the maximum

are drawn for Piats 1, 5 and 10 along the path connectingshear stressprogressively decreaseas HP/VL is

the two flaws under each loading cafgure 20). By increased. Most of the observations made for Point 5 are

doing this, one can not only analyze the variation of thealso valid for Point 10. The main differences are that

maxi mum pr i nc) hutalso tsetminansns etsnsig n@ximum principal stresses are only observed for

pri nci pal) asdtthe enaxemeim shéatresses HP/VL>1.0, and that the absolute values of the maximum

( @) simultaneouslyon the same plot. For Point 1 in shear Besses are always higher tharPaint 5.

figure 20a it is interesting to observe that for

HP/ VL < 1.0, the minimum principal

stresses are al

W e
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Fig. 18. Variation of the maximum principal stresseshe bridge region for the undl loading condition.
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Fig. 19. Variation of the maximum shestresse@ the bridge region for the undigl loading condition.

3.3.2Biaxial Loading Condition compr essi vel0OfWwhen HPFRIL>V.Q ghe
. . o ._maximum principal stresses increase consideraduhyl
Figure Z shows that the maximum principal stresses Ny oth principal stresseecome tensile for HPVL=4.0,

the bridge region are always compressive Wheny, . iansile cracks. can be initiated at Poirforl high
HP/ VL<1.0. For HP/ VL>1.0 H V%]_.e Thénan%(akirm%mshé%ur 'stPegsésp %fcrease

stresses becom‘? hlghly tensile but only hear t.hesignificantly as HP/VL increases from 0 to 1M¥hen
pressurized flaw tip (Points 1 to 3). Hence, for the blaX|aIHPNL increass from 1.0 to 4.0. the maximum shear

Ioadlng_ tens_lle cracks may OU'Y occur near the stresses increasersiderably As such, it is possible that
pre_ss_urlzed tip When_ HP/VL>1.Gigure 2 ShOWS the_ shear crackmayinitiate fromPoint 1. For Point 5 (figure
varl_atlon of the maximum shear stresses in th? bIrIOIg‘323b), it is interesting to notice that both principal stresses
region. It can be observed that near the pressurized fla\g{re alwayscompressive The maximum shear stresses
(Points 1 t0 3), the maximum shear stresses dexeeas decrease as HP/VL increase from 0 to @ iaacrease

HP/ VL inc reas €l.0 andiecreaseHvhenv lWﬁen HP/VL increasefrom 2.0 to 4.0.However, the
HP/VL> 1.0. Hence, it is unlikely that shear cracks OCCUr sojute values of the maximum shear stresses are

WfThe n H P /5)\?:2[0[31}6Wﬂ3[ﬁ.n BItI;/VLh>1.glear thetzhtlp significantly lower than what is observed at Point 1.
ot the pressurzed flaw. ©n the othér hand, near thé non,q ¢ considerinpoth facts,neither tensile nor shear

E{S/S\?Il_”.'zed flaw, ‘Q?].m%"'ﬂ““m 5?‘8.‘395?_95 Idtecrer?ste as cracksmay theoreticallynitiate in the bridge betwedhe

b w(;cre(;ses. s | F a:j\(lor IS ldentical to what WaSy o flaws. As similarly observed for Point 5, both
observed under uniaxial loading. principal stresses ammpressive at Point 10. Howeyer
. L . unlike Point 5, the maximum principal stressesl
Similar to what was done for the uniaxial loading, Mohr increase slightly when HP/VL inceeaﬁe?)m 010 4.0 aBrﬁd
stress circles were drawn for Points 1, 5 and 1.0 along thﬁle maximum shear stresses gradually decrease as HP/VL
path connecting the two & under each loadingase increass from 0 to 4.0 d&Point 10. As sucheithertensile

(f'.gl.”e Z3). In figure 23@‘or Point .1’ Itis clear that both nor shear crackmay theoreticallynitiate from Point 10.
minimum and maximum principal stresses are
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Fig.20. Mohr circles representing thariation of the state
Point 5, (c) Point 10.

of stress under uniaxial loading in the bridge region at (a) Point 1, (b)
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Fig. 22. Variation of the maximum principal stresseshe bridge region for the bigl loading condition.
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In order torelatethe analyzed stress fields possible
4. SUMMARY AND CONCLUSIONS crack initiation., i.t\'/vasconsidered that tgnsikend shear
cracks may initiate from the locations where the
maximumtensile principal stresseandmaximum shear
This numerical study investigated the variation of thestresses respectively, were thehighest. Table3
stress field around two pfabricatedflaws when only summarizes the most important observaticglated to
one is hydraulically pressurized and the specimen igrack initiationobtained irthis paper

subjected to either uniaxial or biaxial loading conditions.-l-he observations of this study are important to better

The maximum FI)““C'g%' strlesses and maximum S?ea[mderstand the development of hydraulic fractures due to
stressesvere evaluated in a large region accounting for e jnteraction between pressurized aod-pressurized
both flaws along a dicular patharound the flaw tipand = f5,q. They will also be the theoretical basis for

along the bridge region connecting the inner tips of theapqratory experiments that the authors r e greupis ¢ h
pressurized and the namessurized flawdn general, it designing and will soon be conducting
is observed that important tensile stresses occur for the '

uniaxial condition for most cases analyzed;tiog other
hand, 1 is observedhatthe magnitude and ttezea under 5. ACKNOWLEDGEMENTS
maximum principal compressive stresaessignificantly  tha authors would like to express their gratie for the

larger than under maximum principal tensile stresses fogupport from NSF, througkaward number 1738081
thebiaxial loading conditioffor all loading cases studied. under which the préseetudy was conducted.

Table3. Summary of the results obtained frone {hresent numerical study

Location Uniaxial Loading Condition Bi-axial LoadingCondition
Pressurizedlaw 91 Tensile cracks can initiate when HP/VL>1 § Maximum principal stresses are compress|
3 T s at Points 4/5. when HP/ When&PNI>10,.
2f #\k 6 1 No significant variation of the maximu maximumprincipal stresses are tensile ahe
1] \7; L, shear stress is ob of the tip.
X e / Shear cracksanoccur near Poist3, 78 of | 1 Tensile cracks can initiate from Po#hto 8
ﬁ\ /*/F ’ the pressurized flaw when HP/VL>1.0. where the highest tensile stress occur.
.M 0 ° 1 ForHP/VL>1.0,the maximum shearrsisses
\Pressurized Flaw increase significantlyThehighest maximum

shear stress occurring near Psihand 8
where shear cracks may occur

Non-pressurized flaw | 1 Tension in norpressurized flaw is smallg § Overall,the non-pressurized flaw is under

Non-pressurized Flaw than in the pressurized flaw for most HP/V compressionMoreover,the maximum shea
, 2 \1\ Tensile crack will always initiate in th stresses decrease as HP/VL increase
— pressurized flaw. 1 Neither tensile nor shear cracks may initia
4/F 1 When HP/VL increasesdrom 0 to 4.0, the at the tips of th nonpressurized flaw.
5 J{ +11 maximum shear stresses decrdasgeneral
ﬁ\F “ Shear cracks cannot agcin this flaw tip
— under this loading conditions a$iP is
T increased.
Bridge between twd  Maximum principal stresses are mair § Both tensile and shear craagkeyoccur near
fIawchm_pressurize & Flaw tensile. When HP/VL>1 Qensile cracks ca the pressurized tip when HP/¥L.0.
initiate from the tip of pressurized flaw. 1 Neither tensile nor shear crackmy initiate
1 Neither tensile nor shear cracks are likely| in the bridge betweethetwo flawsasHP/VL
initiate in the bridge region as HP/VL is increased.
increased.

\Pressurized Flaw
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